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Abstract 
Indonesia is the largest palm oil producer. The current total plantation areas are approximately 8 million hectares. There are 
opportunities to exploit palm oil waste to replace fossil fuels. This paper presents the design of biomass stove with palm kernel 
shells. Stove performance testing includes combustion air flow, combustion temperature and water boiling test. The stove 
performance test shows the stove with combustion chamber diameter of 20 cm, height of 25 cm and burner air opening at 75% 
has good fuel efficiency and combustion temperature. It has efficiency of 66,63% and average combustion temperature of 
682,590C. 
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1. Introduction 
Energy is important for improving the quality of life, public facility and economic growth. Access to modern 
sources of energy needed for every developed country to support its development. In developing countries, access to 
affordable and reliable energy services is fundamental to reducing poverty and improving health, increasing 
productivity, enhancing competitiveness and promoting economic growth [1]. Access to modern energy is essential 
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for the provision of clean water, sanitation and healthcare and for the provision of reliable and efficient lighting, 
heating, cooking, mechanical power, transportation and telecommunications services [2]. 
The present energy system is heavily depending on the use of fossil fuels [3]. Facing the challenge of depletion 
fossil fuels reserves and rising world oil price, many countries has undertaken the initiative to promote the 
development and dissemination of renewable energy. Indonesia is one of the potential countries for the development 
of renewable energy. There are many potential renewable energy resources to support sustainable development in 
Indonesia. Renewable biomass remains an important energy source, accounting for 55 % of population in Indonesia 
use biomass for cooking [2]. With over half of Indonesia’s population lives in rural areas, biomass is cost effective 
solution to provide energy services in rural areas.  
Biomass resources in the rural sector as potential solid biomass energy are coming from the residues of certain 
agriculture crops and the forest such as empty fruit bunches and palm shells from palm oil plantation [4]. Indonesia 
is one of the world’s largest producers of palm oil and the industry has been the economy’s most valuable 
agricultural export sector for the past decade [5]. The potential of solid waste biomass utilization is highly 
prospective. 
The current total plantation areas are approximately 8 million hectare and are projected to reach 13 million 
hectare by 2020 [6]. Indonesia produced over 23 million tonnes of palm oil in 2012. The plantation area mostly 
located in Sumatera and Kalimantan; the rest located in Sulawesi, Java and Papua Island [7]. With the development 
of palm oil industry, there are problem in utilizing solid waste generated by palm oil industry. There are 
opportunities to exploit palm oil waste to replace fossil fuels in the scale of household or industrial. 
The estimation of biomass-based renewable energy potential generated from solid waste of palm oil (palm shells) 
are approximately 54.8 GJ/year which could replace the use of fossil fuel in household sector or it could be exported 
to other industries [4]. Using palm kernel shells as fuel in household around plantation is the adaptive solution for 
utilizing solid waste. Efficient biomass stove contribute in reducing household cost for fuel. In regions where 
biomass is a traditional fuel for cooking, improved biomass stove enhance indoor air quality, personal health, 
livelihoods, and environment while substantially provide facility to substitute the use of fossil fuel energy [8]. It is 
also reduce pressure on forests and other vegetation and facilitate sustainable harvesting of biomass fuels [9].  
Research, design and development of improved biomass stoves have been undertaken in Indonesia. These 
activity resulting stove design for a particular fuel and a particular application. A stove designed for a particular fuel 
and a particular application can be used for different fuels and applications but may not perform with the same 
effectiveness [10]. A firewood stove may not suitable for rice husk stove. This paper presents the design of biomass 
stove from particular fuel and consumer specific needs. The biomass stove designed for utilizing solid waste (palm 
kernel shells). The stove is prepared for community live around oil palm plantation in Indonesia. Stove performance 
testing is necessary while the stove is being developed [11].  It is important that stoves are tested prior to 
implementation to ensure that the design provides a significant improvement [12]. Improved stoves are designed to 
increase fuel efficiency and reduce emission. Adequate draft and a proper air-to-fuel ratio ensure efficient 
combustion process. The optimum velocity of the combustion gases ensure efficient energy transfer [13]. Stove 
performance testing includes combustion air flow test, combustion temperature and water boiling test. This test is 
based on the manual issued by the Asia Regional Cookstove Program (ARECOP) [14]. The performance parameters 
evaluated were fuel rate consumption, efficiency, combustion temperature and the velocity of combustion. 
2. Indonesia palm oil industry 
Indonesia is the largest palm oil producer in the world followed by Malaysia as the world’s second largest palm 
oil producer. The two countries produce 85 % of world's oil palm total production. Oil palm demand is projected to 
increase from 51 million tonnes today to 75 million tonnes by 2050. Indonesia has contributed 62 % of world’s palm 
oil demand, followed by Malaysia with 30 % and other country 8%. Malaysia’s oil palm production predicted 
growing slow because of its limited land plantation. While Indonesia predicted to growing rapidly, strengthen its 
position as the world leading oil palm producer [15]. 
The palm oil industry has the important contribution to economic and social development in Indonesia. The 
growth of oil palm industry in Indonesia is beneficial in reducing poverty, particularly in rural areas. Palm oil 
industry provides employment opportunity through farm cultivation and downstream processing. Palm oil 
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production provides a reliable form of income for a large number of Indonesia’s rural poor that reach over 6 million 
lives and become a significant source of poverty alleviation [5]. 
Palm oil production in Indonesia tends to rise year by year. In 2008, palm oil production approximately 17.54 
million tonnes and increase to 23.52 million tonnes in 2012 (see Table 1). The increasing palm oil production 
because of land expansion and increasing of mature plant so that produce high yield in less land [16]. 
 
 
Fig. 1. (a) Projection of oil palm area planted in Indonesia [6]; (b) Palm kernel 
shells. 
 
Fig. 1.a shows the development of palm oil plantation areas. The plantation areas are increasing rapidly for last 
two decades. The plantation areas projected to be approximately 13 million hectares in 2020. High demand for palm 
oil products, both domestically and abroad (especially from emerging markets such as China and India) has 
encouraged the Indonesian government to support oil palm plantation expansion in various parts of Indonesia [17]. 
3. Palm kernel shells 
The palm oil industry produce wastes after oil extraction process. Empty fruit bunch (EFB), mesocarp fiber 
(MCF) and palm kernel shell (PKS) usually dumped in the open thereby impacting the environment negatively 
without any economic benefit [18]. Palm kernel shell (See Fig. 1.b) known as biomass product due to its high caloric 
value. 
 
Table 1. Indonesia palm oil production 2008-2012 [7]. 
Year 
Palm oil production 
(million tonnes) 
Total 
(million 
tonnes) 
Sumatera Kalimantan Sulawesi Others 
2008 13.75 2.27 0.37 1.15 17.54 
2009 15.16 2.66 0.35 1.15 19.32 
2010 16.45 3.75 0.32 1.44 21.96 
2011 16.99 3.99 0.29 1.82 23.09 
2012 17.32 4.06 0.29 1.85 23.52 
 
Table 2. shows that palm kernel shell has low ash content. In combustion process palm kernel shell has advantage 
because of low ash content and minimum emission in combustion process. Palm kernel shell has relatively low 
moisture content. The high combustion temperature occurs when fuel has relatively low moisture content. As 
biomass waste product, palm kernel shell also has high net caloric value. The greater calorie burn, the greater the 
heat generated from the fuel. Caloric value is the heat released during combustion per unit mass [19]. Due to its high 
caloric value, palm kernel shell potentially used as fuel to replacing conventional fuel from fossil energy. 
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Table 2. Palm kernel shell proximate analysis [21]. 
Parameter Value 
Moisture (weight %) 12-18 
Net caloric value (GJ/ton) 17-19 
Ash content (weight % dm) 
Chloride (weight % dm) 
2-8 
0.1 
Sulphur (weight % dm) 0.1-0.5 
 
Total potential of palm kernel energy in Indonesia was about 54.8 GJ/year [4] and will continue to increase in the 
future. Despite its huge potential, utilization of solid waste such as palm kernel shell has not been fully exploited. 
Some palm oil mill is utilizing palm kernel shell as fuel for biomass boiler, while remaining is sold to other party or 
for road hardening [20]. Serious action taken would give positive effect to all interested parties.  
4. Benefit of improved biomass stove 
Over half of the Indonesia population relies on traditional use of biomass for cooking. About 55 % of population 
in Indonesia use traditional biomass for cooking [2]. Most of traditional biomass stove has low efficiency. 
Traditional biomass stove release harmful emission from incomplete combustion. It is also affecting the indoor air 
quality and causing human respiratory problem. 
Improved biomass stove is an intermediate solution between traditional stove and modern fuel appliances. It is 
appropriate when modern fuel appliances are not affordable for the people live in rural areas and less cost effective 
comparing to the traditional biomass. Besides, the adoption of modern fuel appliances in the society often faces 
many challenges. Realizing there are opportunity to utilizing solid biomass waste while increased price and supply 
uncertainties of fossil fuel, biomass fuel become rational choice.  
Improved biomass stove can achieve the following benefit [8]: 
x Improving health quality by decreasing exposure to indoor air pollution. 
x Reduce the time and cost of procuring fuel, thereby freeing individuals for other productivity. 
x Mitigate climate change by reducing greenhouse gas emission. 
x Reduce pressure on natural resource base and facilitate sustainable harvesting of biomass fuel. 
x Reducing dependence of fossil fuel and household energy cost.  
5. Basic principle of biomass stove design 
There are wide range of consumer needs and consideration to build improved biomass stove. It is difficult to find 
single solution to accommodate different needs and considerations. Each particular stove commonly represents a 
compromise to address the consumer needs, local resources, safety and ergonomic consideration. 
The aims of developing improved biomass stoves are to increase fuel efficiency and reduce emission. Generally, 
basic principle designs to achieve these aims are enhance heat transfer and combustion efficiency. Combustion 
efficiency is the ratio of energy released during combustion to the total combustible energy potential of the fuel. 
Perfect combustion prevents negative effect on emission. Incomplete combustion produce harmful emission such as 
carbon monoxide (CO), unburned hydrocarbons (UHC), nitrogen oxides (NOx), smoke and soot [13]. 
Adequate draft and a proper air-to-fuel ratio are increasing combustion efficiency. Burner air opening will 
influence fuel rate consumption, combustion temperature and efficiency. Stove size, geometry and placement of the 
fuel inlet and combustion chamber must be able to accommodate burner air properly. Giving proper insulation 
around combustion chamber increasing stove heat transfer [11]. 
The more energy absorbed by the cook pot relative to the amount of energy released by combustion chamber, the 
higher heat transfer efficiency. Convective heat transfer is the primary method of energy transfer in an improved 
biomass stove. Energy transfer through advection in the convection process has more effective mechanism and 
proportional to the fluid velocity [22]. Improved biomass stove seek to maximize the velocity of combustion gases 
as well as the pot surface area in contact with these gases [13]. 
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Table 3. Qualitative effect of various factors on stove design [10]. 
Factor Action to be taken to Maximize efficiency Minimize emissions 
Combustion confinement 
Combustion temperature 
Excess air 
Fuel burning rate 
Maximize 
Minimize 
Optimize 
Minimize 
Minimize 
Maximize 
Optimize 
Maximize 
Ash content Minimize Minimize 
 
Table 3. summarizes some qualitative factor which need to be considered while designing the improved biomass 
stove. There are a number of factor should be compromised to achieve the aims of biomass stove development.  
Maximizing combustion confinement produces higher efficiency but should careful with emissions factor. To 
increase efficiency and decrease emission in the same time, fuel type has significant effect. It can be achieved by 
using the type of fuel with low ash content. The use of biomass fuel with low ash content such as palm kernel shell 
is an advantage. Optimizing the excess air provides complete combustion, it means reduce emission and increase 
combustion efficiency. High combustion temperature is necessary to make clean fire so it can minimize harmful 
emission. However, lower combustion temperature but can still satisfy cooking activity will be more fuel efficient.  
Minimizing fuel burning creates lower combustion temperature so it can maximize fuel efficiency. 
Implementation and field testing needed to ensure reliability and compatibility of technologies from one region to 
another. Feedback and continuous improvement between laboratory and field testing are useful for a success of 
biomass stove development program [8]. 
6. The performance testing 
The stove performance could be evaluated by several parameters such as fuel rate consumption, efficiency, 
combustion temperature and the velocity of combustion. The ratio of heat transferred to the cooking pot to heat 
generated by fuel describes the efficiency of a stove. Several testing method has been introduced. Asia Regional 
Cookstove Program (ARECOP) has released the manual for stove performance testing [14]. There are three kinds of 
test for stove performance testing. Stove performance testing includes combustion air flow test, combustion 
temperature and water boiling test. 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Scheme of air flow and combustion temperature test (b) Measurement position of the combustion gases. 
 
The combustion air flow and combustion temperature test are demonstrated in Fig. 2.a. Anemometer placed at a 
height of 80 cm from the bottom of the combustion chamber to measure the combustion gas velocity. Anemometer 
propped up by static pole, so it does not change the position during measurement. Angular and radial measurements 
were performed in five positions with radius of 5 cm (Fig. 2.b). The measurements were taken at angle of 00 and 
450. The stove was ignited to initiate combustion gases. The velocity of combustion gases was recorded every 2 
minutes. Combustion temperature was recorded by infrared thermometer. The thermometer directed into the core of 
combustion chamber. 
In the water boiling test, there are amount of water heated on the pot (Fig. 3). The pot filled with 2 kg of water. 
The initial temperature of water was recorded. The stove was ignited to heat the pot. The temperature of water was 
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recorded every 2 minutes during boiling time. After boiling complete, mass of fuel burned and weight of water left 
on the pot were recorded. 
 
 
Fig. 3.  Scheme of water boiling test. 
The thermal power generated from the stove influenced by fuel type and the quantity of fuel mass burned within 
certain period. The power output of stove can be calculated by [23] :  
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Where Pout is thermal power (kW), mf is mass of fuel burned (kg), Ef is calorific value of fuel (kJ/kg) and tf is 
time of fuel burned (s). Fuel consumption describes the amount of fuel burned to boil a certain mass of water. The 
fuel consumption rate can be calculated by following equations [23] :  
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Where I is the fuel consumption rate (kg/s). The stove efficiency indicates how efficient heat energy released 
from the fuel is transferred to the cooking medium. The efficiency of stove can be estimated by [23] : 
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Where ɳ is the efficiency, mw is initial mass of water (kg), Cp is the specific heat of the water (kkal/kg0C), Tb   is 
the temperature of boiling water (0C), Ti is the initial temperature of water (0C), mv is the mass of water evaporated 
(kg), Hv is the latent heat of evaporation (kJ/kg) and ṁf  is the rate of fuel combustion (kg/s). 
7. Result and discussion 
The biomass stove for palm kernel shells has been designed in this study called Gama Stove. 3 unit of Gama 
Stove has been designed with the diameter of combustion chamber of 20 cm and has height variation of 20 cm, 25 
cm and 30 cm. It has combustion chamber volume of 7.45 liter, 8.94 liter and 10.43 liter respectively. Then, the 
stove was labeled based on combustion chimney height; 25, 30 and 35 (see Fig. 4.a).  
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Fig. 4. (a) Gama Stoves with height variation (b) Gama Stove. 
 
Stoves were made by local artisans using locally available materials (iron plate) at the price of one hundred 
thousand rupiah.  Primary air outlet consist of 2 section, air outlet from environment and air outlet from shelf of 
stove. Environment air flows through shelf of stove. Pre-heating begins at shelf of stove so that the air temperature 
rises before entering combustion chamber. Secondary air outlet has the similar design. It also consists of 2 section, 
air outlet from cylinder in the middle of combustion chamber chimney and air outlet in the stove wall. Functionally, 
secondary air outlets from cylinder also serve as primary air outlet. It resemble secondary air outlet because of 
lengthwise shape upwards (See Fig. 4.b). The technical drawing of Gama Stoves is presented in Appendix A. 
7.1 Water boiling test 
Water boiling test used to determine the stove efficiency. Boil the water to raise its ambient temperature up to 
boiling temperature. Boil until reach 100 0C of the water temperature and no increasing temperature anymore. Fig. 5 
shows the burner air openings of the Gama Stove. 
The fastest boiling process occur in minute-6 (Fig. 6.a). It happened on stove 25 with burner air opening of 75% 
and 100 %, it also happened on stove 30 with burner air opening of 50% and 100% and happened on  stove 35 with 
burner air opening of 50%.  
Based on the test results, stove height (combustion chamber chimney) and burner air openings could make the 
difference. The higher stove, the more time needed to reach the boiling point because it bring too much cold air that 
decrease heat transfer. The optimum stove height in the water boiling test was 25, so it can be estimated that 25 has 
stable efficiency. Subsequently, the optimal air openings to boil the water were 75% and 100%. The enlargement of 
burner air openings causes enhancement on thermal power. 
7.2 Combustion temperature test 
The combustion occurs at the temperature of 3000C – 5000C. When the combustion occurs, the temperature 
increasing until its peak temperature point, then decrease along with the exhaustion of fuel burned (see Fig. 6.b).  
The maximum temperature occurs on stove 25 with the burner air openings of 100 %. The maximum temperature of 
stove 25 reached 843.10C. After burning complete, it leaves residue in the form of charcoal. The duration of 
combustion was different among the stoves. The longest combustion time occurs on stove 25 with the burner air 
openings of 50% and 75%. It takes 28 minutes to burn fuel. Meanwhile, the shortest combustion time occurs on 
stove 30 with the burner air openings of 100% and stove 35 with the burner air openings of 50%, 75% and 100%. It 
takes 24 minutes to burn fuel.   
Based on the test, the enlargement of burner air openings cause higher fuel consumption rate and it was not save 
fuel.  The large quantities of air entering the combustion chamber make the faster combustion reaction. Meanwhile, 
the higher stove, the higher the rate of fuel consumption rate. 
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Fig. 5. Burner air openings. 
7.3 Combustion gas velocity test 
There are relation between combustion temperature dynamics and combustion gas velocity. The higher is the 
combustion temperature, the faster combustion gas velocity and vice versa. Stove 30 with burner air opening of 
100% has the highest combustion gas velocity than others. It reaches 1.63 m/s at the combustion temperature of 
700.8 0C and 30.3 0C of ambient temperature average. However, the combustion gas velocity not always in line with 
combustion temperature. One of them is what occurs on stove 25 with the burner air openings 100%. When the 
combustion temperature is at 667.9 0C, the velocity of combustion gases is 1.46 m/s. Meanwhile, stove 35 has 
combustion gas velocity of 1.59 m/s when the combustion temperature at 659.9 0C. Based on the results, it shows 
that the differences of stove height (combustion chamber chimney) affect the velocity of combustion gases. 
 
   
        
Fig. 6. (a) Water boiling test (b) Combustion temperature test. 
 
Table 4. Performance test result of Gama Stove. 
 
Stove type 
Burner Air Opening 100 % Burner Air Opening 75 % Burner Air      Opening 50 % 
Fuel rate (kg/h) Power (kW) ɳ (%) Fuel rate (kg/h) Power (kW) ɳ (%) Fuel rate (kg/h) Power (kW) ɳ (%) 
25 cm 0,924 4,69 56,4 0,857 4,35 66,63 0,857 4,35 53,44 
30 cm 1 5,07 68,75 1 5,07 38,77 0,924 4,69 59,87 
35 cm 1 5,07 41,56 1 5,07 40,59 1 5,07 64,59 
7.4 Data analysis 
The several stove tests has produced the data to get the stove performance parameters such as fuel consumption 
rate, thermal power and the combustion gas velocity.  Based on the laboratory testing, the calorific value of fuel 
h 
50% 75% 
d 
a b 
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used in this experiment is 4.362,894 Kcal/Kg. Based on the Equation (1), the thermal power generated by stove 30 is 
the highest (except at burner air openings 50%). The stove 30 has generated thermal power of 5.07 kW. The lowest 
thermal power generated by stove 25. Stove 25 has generated thermal power of 4.35 kW with the burner air 
openings 50%-75%.  
According to Equation (2), the fuel consumption rate found at the range of 0.85 – 1 kg/hour.  The stove 25 is the 
most fuel-efficient than other stove. The stove 25 with the burner air openings of 50% - 75% has the fuel 
consumption rate of 0,857 kg/hour. While the highest fuel consumption rate occurs on stove 30 (except at burner air 
openings 50%) and stove 35 with the value of 1 kg/hour.  
Based on the Equation (3), the stove efficiency found at the range of 38.77%-68.75%.  The stove 30 with the 
burner air openings 100% has the highest efficiency at 68.75%. The stove 30 with the burner air openings 75% has 
efficiency of 38.77%, it is the lowest compared the others. However, on average, the stable stove efficiency above 
50% was stove 25. The stove 25 has the average efficiency of 58.82%. Table 4. summarizes the stove performances 
test 
8. Conclusion 
The proposed design of improved biomass stove for palm kernel shells has been presented. The use of Gama 
Stove (biomass stove) with palm kernel shells waste as fuels is prospective in reducing fossil fuel dependence.  
Gama stove fit for daily cooking purposes at household scale. The people live in rural areas around palm plantation, 
especially in Sumatera, Kalimantan, Sulawesi and Papua Island has an opportunity to access the renewable energy 
from biomass waste to replace the dependence of fossil fuels. The palm oil industries could implement the 
responsible management through the biomass waste utilization in their business to meet the sustainable performance 
criteria issued by Roundtable of Sustainable Palm Oil (RSPO). 
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Appendix A. Technical drawing 
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